The species assemblage and seasonal activity of carabids were investigated in a cabbage field, an adjacent fallow field, and the field boundary during 1994 and 1995 by pitfall trapping. Trap catches indicated that Amara and Harpalus species were generally active in every habitat during the 1st (May to July) and 2nd (August to September) growing seasons, respectively. Small species such as Bembidion morawitzi Csiki were active in the 3rd growing season (November to March), especially in the cabbage plot. The adults of the beneficial species Chlaenius micans (F.) were active in the 1st and 2nd growing seasons and their larvae were found on cabbage heads in the 1st growing season. The adults of another beneficial species, Campalita chinense (Kirby), were active in the 2nd growing season; the larvae were trapped during the 1st and 2nd growing seasons. Although the seasonal activity patterns of these beneficial species varied spatially and temporally, they consistently preferred the cabbage plot to the boundary. The timing of the peak activity of the beneficial species coincided to some extent with the peak density of lepidopteran larvae. The activity pattern of the beneficial carabid species could enhance their value as biological control agents for cabbage pest insects.
INTRODUCTION
Carabid beetles are beneficial predators of a wide range of agricultural pest insects. Our knowledge regarding their predatory ability stems mainly from field and laboratory experiments conducted in Europe and North America (Luff, 1987; Kromp, 1999) . The efficacy of carabid beetles as biological control agents has recently encouraged many studies into their conservation and augmentation in agroecosystems (for review, see Pickett and Bugg, 1998) .
There have been several studies in Europe on carabid fauna and its contribution to pest control in brassica crops. These investigations revealed that the genera Bembidion, Pterostichus, and Harpalus, as well as other genera, were abundant on these crops (Davies, 1963; Mowat and Martin, 1981; Hokkanen and Holopainen, 1986) . They further revealed that Bembidion lampros Herbst in particular is the most common species (Luff, 1987) and effectively suppresses the populations of the cabbage root fly, Delia brassicae (Wiedemann) (Wright et al., 1960; Mowat and Martin, 1981) . However, recent studies have indicated a reduced efficacy of this carabid species (for review, see Kromp, 1999) .
In many parts of the world, cruciferous plants suffer crucial damage from the diamondback moth Plutella xylostella (L.) (Talekar and Shelton, 1993) rather than from D. brassicae. While parasitic wasps have been intensively studied as biological control agents for P. xylostella, the role of predators such as carabid beetles and spiders has attracted little attention, and thus their contribution to pest regulation is unclear (Talekar and Shelton, 1993; Verkerk and Wright, 1996) . Some Japanese researchers observed that carabids Chlaenius micans (F.) and Dolichus halensis (Schaller) fed on P. xylostella larvae in brassica crops (Yamada, 1985; Sivapragasam et al., 1988; Wakisaka et al., 1991) . Our previous investigation demonstrated that two species of the genera Chlaenius are potential predators of P. xylostella larvae (Suenaga and Hamamura, 1998) . American researchers have reported that carabids may account for larval mortality in P. xylostella and Pieris rapae (L.) (Schellhorn and Sork, 1997) . These investigations suggest that carabid beetles are promising control agents for cruciferous pests.
Few studies in Japan to date have revealed the efficacy of using carabid beetles in pest management, nor has a detailed investigation been conducted on their temporal and spatial activity patterns in crop fields. In this study, we aimed to reveal the carabid assemblage and seasonal activities of beneficial carabid species in cabbage fields and neighboring habitats. We also surveyed the abundance of lepidopteran pests in relation to carabid activity.
MATERIALS AND METHODS
Experimental site. This study was conducted at the National Research Institute of Vegetables, Ornamental Plants and Tea, Ano, Mie Prefecture, central Japan. We used a field of 0.11 ha (28 by 38 m) and its field boundary, 2-3 m wide (a weed strip), for an investigation from mid-May 1994 to late March 1996 (Fig. 1 ). This field had been conventionally cultivated prior to the study.
Cultural practices in experimental plots. The field was divided crosswise into four plots; the field boundary and three plots were surveyed (Fig. 1) . Two plots, each measuring 14 by 24 m, were planted with cabbage, Brassica oleracea L. var. capitata. One of the remaining two plots, each of which measured 14 by 14 m, was maintained as an uncultivated fallow plot; the other plot (the 4th plot) was not surveyed and contained two vinyl houses (5ϫ10 m), where strawberries were cultivated from October to May. One of the cabbage plots (cabbage plot 1) was cultivated twice in 1994 (late June to mid-September and mid-October to late April) and once in 1995 (late July to mid-October). The other cabbage plot (cabbage plot 2) was not cultivated in 1994, but was cultivated twice in 1995 (mid-April to late August and late September to mid-March); hence, plot 2 was temporarily maintained as fallow until the 1st planting in midApril 1995. Cabbages were grown conventionally without application of insecticides or herbicides.
The cabbage plots were hoed early in the growing season. However, little care was given to weed control after the beginning of head formation, resulting in weedy conditions until harvest time. As an exception, cabbage plot 1 was maintained almost weed-free by hoeing throughout the 2nd growing season in 1995.
The fallow plot and field boundary received neither mechanical disturbance nor chemical treatment. The weeds were thus allowed to grow naturally in these sites throughout the survey period; they were occasionally cut down with a shoulder carrying type grass mower as needed. The fallow plot was temporarily planted with cabbages for the first 3 mo of the survey (mid-May to mid-July in 1994).
Pitfall trapping. Carabid beetles were captured from mid-May 1994 through late March 1996 with unbaited pitfall traps without any preservatives. The traps were white plastic cups 11.5 cm in depth with an 11.5-cm diameter opening. Three drainage holes (1.6-cm diameter) covered with a polyethylene screen (1.2-mm mesh openings) were opened on the bottom of the cups. The cups were buried at the level of the soil surface in early May 1994. They were arranged in a grid in the cabbage and fallow plots and in a line in the field boundary with a 2-to 5-m interval between traps (Fig. 1) . Only two sides in the field boundary were surveyed, one adjoining the fallow plot and the other adjoining cabbage plot 2. The number of traps placed differed among the plots in 1994 (2-10 traps) but was the same for all habitats in 1995 (10 traps). Each side of the boundary contained up to five traps.
The traps operated throughout most of the survey in the field boundary and in the fallow plot; in the cabbage plots they operated during each growing season, with occasional trapping after harvesting. Carabid beetles were collected every 1-3 d with collection nearly every day during peak activity. Familiar species were identified in the fields and unknown species were taken to the laboratory and identified using Uéno et al.'s key (1985) . After the beetles were identified and counted, they were released in the same plot, close to their capture location, to prevent excessive impact on the density of carabid beetles. This trapping methodology may have allowed some beetles to be recaptured. Thus, the pitfall catches represent activity and the duration of the activity period rather than the exact number of beetles. Although trap data has been referred to as "activity-density" (Thiele, 1977 in Luff, 1987 , we used the term activity for convenience.
Lepidopteran larvae were counted on 10-60 plants at 5-to 18-d intervals during the 2nd growing season of 1994 and the 1st growing season of 1995 in relation to carabid activity.
Counting of carabid larvae and lepidopterans on cabbages. The larvae of carabid species C. micans and Chlaenius posticalis Motschulsky were monitored in another cabbage field (ca. 200 m 2 ) at the institute. They were counted on 45-120 plants at 8-to 21-d intervals between early July and midAugust 1996. The cabbages were successive individuals from randomly selected rows. The species of carabid larvae were determined according to Habu and Sadanaga (1965) . Cabbages ('YRNodoka') in this field were transplanted in midMay 1996 with 100 cm spacing between rows and 50 cm between plants. The cabbages were in the stage of head formation when the survey was started.
The numbers of P. xylostella and Pieris rapae crucivora Boisduval larvae were compared between cabbages with the presence and absence of carabid larvae. These lepidopterans were counted on all the carabid-larvae-present cabbages (2-9 plants) and on cabbages (13-55 plants) randomly selected from plants free of carabid larvae. The cabbages without carabid larvae were treated as carabid-larvae-free plants even though exuvia were found. The count data were subjected to a onetailed Wilcoxon 2-sample test to investigate whether the presence of carabid larvae reduces lepidopteran abundance. We repeated this test for each day's count data for exploratory analysis.
RESULTS

Carabid fauna
We first show the species assemblages in 1995, when the number of traps in each habitat was the same (10 traps); a uniform number of traps in each habitat makes the comparison of assemblages among the habitats more certain than when the number of traps differed as in 1994. We regarded the numbers of beetles captured as activity indices because of possible recaptures of active beetles.
The genus Harpalus, consisting of 10 species (the six most abundant of which are presented in Table 1 ), was most active, accounting for 39.3% of the total specimens, followed by the genera Amara including four species (29.4%, mostly Amara sp.) and Anisodactylus including two species (9.5%).
When the data were grouped by habitat, the field boundary harbored the greatest number of beetles, suggesting that overall carabid activity was highest in the boundary (Table 1 ). In contrast, the cabbage plot had the lowest number of beetles, suggesting overall low activity there. All habitats were dominated by Amara sp. and Harpalus griseus (Panzer), both species together accounting for 54, 45, and 31% of the total specimens collected in the field boundary, fallow plot, and cabbage plot, respectively. The cabbage plots were distinguished from the other habitats by the relatively high activity of C. micans, Bembidion morawitzi Csiki, and Stenolophus difficilis (Hope).
The dominant species varied among seasons when the data were grouped by growing season ( ally similar to that in 1995 except for a few species, such as C. micans and Campalita chinense (Kirby) ( Table 2 ). In contrast to 1995, in 1994 C. micans was active during the 2nd growing season. C. chinense, which was scarce in 1995, was active during the 2nd growing season in all habitats, particularly in the cabbage plot.
Seasonal activity of three beneficial species and two common species
The capture of C. micans generally peaked twice a year, from late June to early July and from late August to early September (Fig. 2) . The seasonal activity, however, varied across habitats and years. In 1994, C. micans showed the 1st peak in the fallow plot and the 2nd peak in all habitats except for the field boundary. The 2nd peak showed a 2-wk difference in the timing between the cabbage plot and the adjacent habitats. In 1995, only the 1st peak was observed exclusively in the cabbage plot. This species consistently preferred the cabbage plots to the field boundary in both years. A few larvae (1-6 larvae/5 d/10 traps, not shown in Fig. 2) were occasionally caught from mid-July to late August 1995, just after the 1st peak capture of the adults.
C. chinense showed great activity during a single period from late August to mid-September in 1994 but showed no such activity in 1995 (Fig. 2) . There was a 2-to 3-wk difference in the timing of peak capture between the cabbage plot and the adjacent habitats. In addition to this main capture, a few adults were captured sporadically from May to July in both years. The larvae appeared in all habitats almost simultaneously with the adult appearance in 1994. However, they showed no such high activity in 1995; instead, a few larvae appeared from June to July, coinciding with the sporadic appearance of adults. Like C. micans, this species also preferred the cabbage plots to the boundary.
D. halensis appeared primarily from early September to early November and sporadically from late May to mid-July (Fig. 2) . Unlike the two above-mentioned species, this species invariably appeared in the field boundary and fallow plot in both years. Larvae were captured in traps from early November to late December in all habitats.
Amara sp. and H. griseus showed distribution patterns that were spatially and temporally different from those of C. micans and C. chinense (Fig.   156 H. Suenaga and T. Hamamura 3). They appeared relatively regularly and demonstrated considerable activity in the field boundary and fallow plot but not in the cabbage plots.
Seasonal activity of carabids in relation to the abundance of lepidopterans
The timing of the peak capture of C. micans and C. chinense was similar to the timing of the peak density of P. xylostella or P. rapae. However, no consistent relationship was found between the timing of beetle and lepidopteran occurrence (Fig. 4) . For example, the trap catch of C. micans increased earlier than that of P. rapae in 1994, and then decreased in spite of the great abundance of P. rapae (Fig. 4A) . In contrast, the trap catch of C. micans increased later than that of lepidopterans in 1995, and then declined almost simultaneously with the decrease in lepidopterans (Fig. 4B ).
Seasonal abundance of carabid larvae and their influence on lepidopteran populations
Carabids have three stadia (Luff, 1987) ; all three Seasonal Activity of Carabid Beetles 157 stadia of C. micans and C. posticalis were found in cabbage heads during the survey from early July to mid-August, with only the 1st instars found in early July. In addition, their exuvia were found in cabbage heads later in the survey period (Fig. 5A) .
The number of P. xylostella larvae decreased rapidly in mid-July, at which time the carabid larvae were still abundant (Fig. 5B) . This reduction was mostly due to a drop in the numbers of 3rd and 4th instars. A corresponding slight increase was observed for the number of pupae: there were 1.3, 1.5, and 3.5 pupae/plant in the cabbages without carabid larvae and 1.4, 1.4, and 2.0 pupae/plant in the cabbages with carabid larvae on July 17, 18, and 19, respectively. However, these increases were not sufficient to explain the reduced number of mature larvae. In contrast, the numbers of P. rapae larvae remained at almost the same level throughout the investigation (Fig. 5C) , and various instars were found throughout. No significant differences were found at any date in lepidopteran abundance between cabbages with and without carabid larvae (pϾ0.05 for each lepidopteran species at each date). Partly consumed mature P. rapae larvae were found in cabbages later in the survey period with the maximum percentage of these larvae being 13.5% (15 of 111 larvae found on 59 plants) in late July.
DISCUSSION
Our results indicate that the preference for cabbage plots shown by C. micans and C. chinense and the foliage-dwelling habit of C. micans and C. posticalis larvae enhances their value as control agents. A preference for cabbage fields was characteristic of these species; however, many other species, such as Harpalus spp. and Amara spp., were abundant in all the habitats.
Various predatory arthropods generally prefer field boundaries as overwintering sites and shelters (Altieri, 1994; Wratten et al., 1998) . In fact, some carabid species, such as Agonum dorsale Pontoppidan and B. lampros, overwinter in field boundaries and then migrate into adjacent crops in spring (Coombes and Sotherton, 1986) . Thus, field boundaries serve as reservoirs of beneficial carabids (Sotherton, 1984; Coombes and Sotherton, 1986; Wratten et al., 1998) .
The scarcity of C. micans and C. chinense in the field boundary in the present study implies that these species do not overwinter in field boundaries. Hence, field boundaries may not serve as reservoirs of these beneficial species. In fact, C. micans is likely to hibernate in sites other than agricultural lands in the adult stage (Inouye, 1956) . These results suggest that neighboring natural habitats in which beneficial species may overwinter should be conserved to enhance their natural populations. However, generalization should be made with caution because the data were obtained from a smallscale, one-field experiment.
The foliage-dwelling habit of C. micans was also observed in a previous study conducted in cabbage fields by Yamada (1985) . C. micans and C. posticalis probably spend a large portion of their larval stage on cabbages. Generally, Chlaenius species are likely to climb plants to forage (Inouye, 1956 ). In addition, these carabid larvae are heavy eaters of P. xylostella larvae (Suenaga and Hamamura, 1998) . On the other hand, C. chinense, a soil sur-158 H. Suenaga and T. Hamamura face forager (Kuwayama and Oshima, 1964) , would have great impact on soil-hiding lepidopterans such as the cabbage armyworm, Mamestra brassicae (L.).
The irregular occurrences of these beneficial species in cabbage plots are disadvantageous for maintaining constant pest management using natural enemies. This irregularity may have been caused by various weedy conditions, such as the weed types and density resulting from a lack of total weed control and different planting times. The possible differences in the weedy conditions probably caused varying microclimatic conditions, affecting habitat acceptability by carabid beetles (Coombes and Sotherton, 1986; Niemelä et al., 1992) . These irregular occurrences have been reported for C. micans in other crops in Japan (Yano et al., 1989; Yahiro et al., 1990; Ishitani et al., 1994) . In those surveys, only one peak capture was observed; the timing of the peak coincided with that of the 1st or the 2nd peak in the present study.
The present and previous studies suggest that C. micans adults that possibly overwintered in other than agricultural lands immigrate into crop fields in spring, reproduce, and contribute to the 1st occurrence. The newly emerged adults of the 2nd generation would probably emigrate to other fields, thus contributing to the 2nd occurrence there. In fact, C. micans seems to migrate seasonally to search for suitable sites for hibernation, feeding, and oviposition (Inouye, 1956 ). The slightly different timing of the peak captures between adjoining habitats in 1994 (Fig. 2) would be attributed to a small-scale migration.
The relatedness of carabid activity and lepidopteran abundance (Figs. 4 and 5) does not necessarily indicate that carabid beetles are capable of pursuing and controlling pest populations. However, their voracity (Kuwayama and Oshima, 1964; Suenaga and Hamamura, 1998) and the successive appearance of Chlaenius species larvae on plants suggest that they can influence cabbage pest populations. Predation by these carabid larvae may be responsible for the rapid decline in the mean density of P. xylostella (Fig. 5B) , as Yamada (1985) suggested. This possible predation may also explain the partly consumed P. rapae larvae observed; in fact, we witnessed a carabid larva feeding on a mature larva of P. rapae during the survey. The absence of significant differences in lepidopteran density between cabbages with and without carabid larvae is probably due to the plant-toplant movement of carabid larvae, which offsets their predation effect. Their occasional capture by traps during the experiment suggests that they move on the ground. Adult C. micans and C. posticalis foraging on the soil surface may also have contributed to the lack of predation effect. Nevertheless, the possible influences of parasitoids on P. xylostella should be considered because their percent parasitism at the institute becomes high during July (Okada, 1989) . We need further studies, such as density manipulation or a predator-exclusion experiment, to determine whether carabids have an influence on pest populations.
Although more information is required to clarify the efficacy of ground beetles, our results support earlier suggestions (e.g. Kuwayama and Oshima, 1964; Yamada, 1985) that the Chlaenius species and C. chinense are potential control agents. Our results also suggest that the vegetational conditions that facilitate immigration and oviposition of beneficial carabid species should be determined to enhance their activity in crop fields. To augment their populations in agroecosystems, the neighboring natural habitats in which beneficial species may overwinter should be conserved.
